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The article develops mathematical models based on regression trees to study
the relationship between the repassivation potential (E.,), free corrosion
potential (E,,) of the 06 KhN28MDT alloy in a chloride-containing media, its
chemical composition, and structure. As established, E,,, shifts in the posi-
tive side with an increase in Cr and Cu contents. Specifically, E,., shifts by
192.4 mV within the Cr content range of 23.12—-23.68 wt.% and reaches 0.5V
with Cu content up to 2.73 wt.% and Cr content up to 23.125 wt.%. A reduc-
tion in the mean austenite grain diameter from 16.5 to 11 nm shifts E_, to
the most negative side of 0.287 V. Additionally, when the Cu content exceeds
2.73 wt.% and Cr exceeds 23.125 wt.%, E,,, shifts further by 0.265 and 0.23
V, respectively. The hypothesis suggests that Cr forms dense oxide films,
while Cu provides anodic protection to grain boundaries. The E,, potential of
the alloy shifts to the most negative side of —0.4557 V as the Cr content de-
creases from 22.215 down to 21.84 wt.% and Mn decreases from 0.455 down
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to 0.31 wt.%. With carbon content below 0.053 wt.%, E_. is of —-0.41 V, while
the precipitation of Cr and Mo carbides from the austenite solid solution
causes only a slight shift in the negative direction. The most positive E,,,
value (—0.38 V) is achieved, when the mean austenite grain diameter exceeds
15.5 pym. An increase in Ni content from 27.675 up to 27.730 wt.% shifts E,
in the negative side by 0.17 V, indicating that Ni has a stronger effect on E,
compared to Cr and Cu. As found, a decrease in Cr, Mn, and Ni contents in the
alloy accelerates general corrosion, but slows down crevice corrosion due to
the redistribution of anodic currents. This trend is caused by the redistribu-
tion of anodic currents among a large number of dissolution centres of metal
atoms in the alloy composition. The constructed mathematical models are
recommended for enterprises, which produce plate-like heat exchangers from
this alloy to use to select optimal melts in terms of chemical composition and
structure, which will ensure maximum resistance of heat exchanger plates to
crevice corrosion in the recycled waters of enterprises.

Key words: 06KhN28MDT alloy, crevice corrosion, resistance to crevice cor-
rosion, repassivation potential, free corrosion potential.

VY crarTi po3pobieH0 MaTeMaTHUYHI MO/l Ha OCHOBI JepeB perpeciii ajaa moc-
JiJ’KeHHA B3a€MO3B A3KY Mi moreHmianamu penacusanii (E,,,), BiIbHOI Ko-
posii (E,,,) cromy 06 XH28M/T y xsJ0pugoBMicHOMY CEpEIOBUIIi, HOTO XeMiu-
HUM CKJIaZIOM i CTPyKTypoio. BeranoBIeHO, 110 E,., 3CyBa€TLCA B MOSUTUBHUI
6ix 3i s6inemenuam smicty Cr i Cu. 3oxpema, E , smimyersca Ha 192,4 MB y
niamasoni smicty Cr Big 23,12 go 23,68 mac.% i carae 0,5 B 3a magsaoctu Cu
mo 2,73 mac.% i Cr mo 23,125 mac.%. 3MeHIIIeHHS cepegHbOro JiAaMeTpa 3epHa
aycrerity Bix 16,5 mo 11 Mmxm amimye E ., 10 HaWBiJ €MHIIIOro 3HAUEHHA Yy
0,287 B. Bognouac, 3a Bmicty Cu > 2,73 mac.% i Cr > 23,125 mac.% E,, scy-
BaeThed 1e Ha 0,265 Bi 0,23 B BinmoBiguo. I'imoTesa moscH!oe, 1110 Cr dopmye
IiIbHI oKcugHI miaiBKu, a Cu aHomHO 3axwuiiae meski depeH. Ilorennian E,
CTOIIY 3CYBA€ThCS A0 MAKCUMAJLHO Bif eMHOrO 3HauenHs y —0,4557 B 3i sme-
Hiesuam smicty Cr Big 22,215 mo 21,84 mac.% i Mn Big 0,455 mo 0,31 mac.%.
3a Bmicty C menmme 0,053 mac.% E . cranoButs —0,41 B, a Bunaginaa kap0i-
i Cr i Mo auIie He3Ha4YHO 3Milgye ioro y Bif emuuii 6ix. HalimosutusHimne
snauenHsa E, . (-0,38 B) mocAraeTbes 3a cepefHBOTO AisiMETPa 3epHA ayCTEHITY
moHan 15,5 mkm. 36inbiienasa smicty Ni Big 27,675 mo 27,730 mac.% 3cyBae
E.., v Big emuuii 6ix Ha 0,17 B, 1110 cBigunTh 1po cuabHimuii Briue Ni Ha E,,
mopiBuaHo 3 Cr i Cu. 3'acosano, 110 smeHmenHa smicty Cr, Mn ta Ni y cromi
OPUMIBUAIIYE 3arajibHy, ajie YIIOBiJIbHIOE HIIIMHHY KOPO3ii0 uepes3 mepepos-
mozis aHogHUX cTpyMiB. TaKy TEeHIEHIIII0 3yMOBJIEHO IIEPEPO3IIOAIJIOM aHO-
HUX CTPYMiB Mi’K BeJIMKOIO KiJIbKIiCTIO IIeHTPiB PO3SYMHEHHS aTOMiB MeTaJiB y
ckaani cromy. IlobymoBaHi MaTeMaTUYHiI MOAe/Ii PEKOMEHAOBAHO IIiIIPHUEMCT-
BaM, AKi BUPOOGJIAIOTE MJIACTUHYACTI TEIIJIO0OMiHHUKY 3 I[bOTO CTOIIY, 3aCTOCO-
BYBAaTH IJIs BUOOPY ONTUMAJbHUX TOIJIEHb 384 XeMiUHUM CKJAIOM i CTPYKTY-
poio, AKi 3a0e3meyaTh MaKCHMAJLHUM OMip IJIACTHUH TEIJOOOMiHHUKIB IIi-
JIMHHi#A KOpo3ii B 060pOTHiX BofaxX MiAIIPUEMCTB.

Karouosi caosa: cror 06 XH28M/IT, minuaHa KOposisd, omip MiiinHHIA KOpo-
3ii, moTeHIiAN penmacuBailii, MOTEHIiAJ BiTbHOI KOPO3ii.

(Received 13 January, 2025; in final version, 15 May, 2026 )
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1.INTRODUCTION

The design features of plate-like heat exchangers can contribute to
crevice corrosion during their operation in the circulating systems of
enterprises [1, 2]. In particular, work [2] recorded localized corrosion
damage at the tops of corrugations between adjacent heat transfer
plates, on their surfaces under the recycled water sediment, and at the
ends of the groove for the rubber gasket. It is known [3, 4] that, under
such conditions, chloride-containing media can be acidified due to the
hydrolysis of corrosion products, accumulate chlorides, and locally
increase the temperature. The authors of studies [5—9] found that the
parameters of model-recycled waters, characterized by pH and chloride
concentration, have the most intense effect on the pitting resistance of
AISI 304 [5, 6], AISI 321 [7, 8] steels, and 06 KhN28MDT alloy [9]. The
effect of their structural heterogeneity on critical pitting tempera-
tures is half that of the media parameters, but higher than the chromi-
um content. Taking into account such dependences, some scientists
[10-14] propose protective coatings on the surface of heat transfer
elements of heat exchangers to prevent their pitting and crevice corro-
sion in the recycled waters of enterprises. In particular, coatings based
on composite [10, 11], polymeric [12, 13], and nanostructured films
[14] are considered promising today, as they reliably prevent the con-
tact of passivated steels and alloys with chloride-containing media.
This approach provides reliable protection of steels and alloys against
local corrosion, but it is quite expensive and time-consuming. At the
same time, papers [5-9] used a different approach to prevent such
problems; in particular, they developed mathematical models that es-
tablish the relationship between the CPT of steels and alloys and their
chemical composition, structure components, and parameters of mod-
el-recycled waters. This approach does not require additional re-
sources, and therefore is promising. Therefore, the article establishes
the dependence between the limit potentials of the 06 KhN28MDT alloy
and its indicators in a gap with a chloride-containing medium present
during the operation of plate-like heat exchangers.

2. EXPERIMENTAL/THEORETICAL DETAILS

In this paper, five industrial melts of 06 KhN28MDT alloy (analogous
to AISI 904L steel), which is used for the production of heat exchang-
ers, have been studied.

The chemical composition of the alloy has been previously deter-
mined [15] by chemical analytical and XRD methods using the SRM-25
installation. It is given in Table 1. In this Table: x;—C, carbon content
in steel, wt.% (£ 0.06); x,—Mn, manganese content in steel, wt.%
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TABLE 1. A real sample of dependences based on the results of the sample
studies.

Nos. alloy E. s |E.ps|AE,
melts X1 | X2 | X3 | X4 X5 | X6 | X7 | Xg X9 X0 *u| vy v
1 0.050.32 0.6 24.31 27.390.79 2.9 2.750.17110.009111 -0.4 0.8 1.2

2 0.0670.460.5722.68 27.650.592.782.68 0.1427 0.0036 24 -0.43 0.5 0.93
0.0680.540.5521.84 27.450.552.55 2.6 0.1918 0.004329-0.420.220.64
0.0480.570.6222.67 27.730.672.562.53 0.1692 0.004331 -0.4 0.550.95
0.05 0.310.5723.46 27.510.892.512.78 0.0931 0.003615-0.38 0.6 0.98
min 0.0480.310.5521.84 27.390.552.512.53 0.0931 0.003611 -0.5 0.1
max  0.0680.570.6224.3127.730.89 2.9 2.78 0.1918 0,009129 -0.1 0.7
multiplicity0.0010.010.01 0.01 0.01 0.010.010.01 0.0001 0,0001 1 0.01 0.010.01

o~ W

(<0.8); x5—Si, silicon content in steel, wt.% (<0.8); x,—Cr, chromium
content in steel, wt.% (22.00-25.00); x,—Ni, nickel content in steel,
wt.% (26.00-29.00); x,—Ti, titanium content in steel, wt.% (0.5-0.9);
x;—Mo, molybdenum content in steel, wt.% (2.5-3.0); x;—Cu, copper
content in steel, wt.% (2.5-3.5); xy—volume of titanium
carbonitrides, vol.% (0.0931-0.1918); x;,—volume of titanium sul-
phides, vol.% (0.0036—0.0091); x,;—d,, mean austenite grain diame-
ter in the alloy, pm (11-31); E,, is the free corrosion potential, V; E,,
is the repassivation potential, V; AE,,, is the criterion, V.

The variances of deviation of the alloy components are: carbon
+0.002, silicon #0.004, manganese +0.01, chromium #0.02, nickel
+0.03, molybdenum +0.02, copper +0.02, titanium +0.02, phosphorus
+0.02, sulphur £0.003 [wt.%]. The components of the structural het-
erogeneity of the 06 HN28MDT alloy have been determined in [15].

The resistance of 06 KhN28MDT alloy to crevice corrosion was eval-
uated by the ultimate repassivation potentials E ., free corrosion E,,
and AE,,, by the criterion determined by the formula

cor* (1)

The alloy was considered to be resistant to crevice corrosion, if
AE >0.05V [16]. The real values of the limit potentials E,,, E,,, and
AE of the 06KhN28MDT alloy criterion are given in Table 1. The gen-
erated variable factors (x,, ..., x;;) and output factors E.,, E,.,, and
AE,, are shown in Table 2.

Regression trees were used as the basis for constructing mathemati-
cal models (Tables 3, 4), which are the most popular method for solving
many practical problems [17], since they automatically select informa-
tive features (the most important x; of the model).

The quality of the mathematical models of Tables 3, 4 was evaluated
using the sum of squares of instantaneous mistakes[17]:

AE. =E

rep — Hrep

E
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TABLE 2. Generated samples.

S | X1 | Xo | X3 I Xy | X5 I X6 | X7 I Xg | X9 I Y10 I X1 lEcor’ VE e, V
1 0.05 0.32 0.60 24.31 27.39 0.79 2.90 2.750.17110.0091 11.00 -0.40 0.80
2 0.067 0.46 0.57 22.68 27.65 0.59 2.78 2.68 0.14270.0036 24.00 —0.43 0.50
0.068 0.54 0.55 21.84 27.45 0.55 2.55 2.60 0.1918 0.0043 29.00 -0.42 0.22
0.048 0.57 0.62 22.67 27.73 0.67 2.56 2.53 0.1692 0.0043 31.00 -0.40 0.55
0.05 0.31 0.57 23.46 27.51 0.89 2.51 2.78 0.0931 0.0036 15.00 -0.38 0.60
0.057 0.31 0.59 23.33 27.61 0.67 2.70 2.71 0.1807 0.0039 13.00 -0.41 0.33
0.061 0.51 0.62 22.15 27.51 0.78 2.66 2.750.1219 0.0043 23.00 -0.43 0.32
0.052 0.54 0.60 22.88 27.39 0.60 2.62 2.750.1524 0.0054 16.00 -0.41 0.36
9 0.057 0.54 0.61 23.09 27.60 0.79 2.52 2.67 0.09770.0059 19.00 -0.39 0.54
10 0.048 0.33 0.61 23.16 27.51 0.67 2.57 2.57 0.12770.0054 25.00 -0.38 0.73
40 0.055 0.43 0.58 23.52 27.58 0.77 2.70 2.63 0.1402 0.0040 18.00 —0.40 0.65
41 0.067 0.51 0.60 23.73 27.65 0.84 2.81 2.77 0.1041 0.0058 20.00 —0.40 0.87
42 0.053 0.32 0.60 23.63 27.44 0.60 2.78 2.63 0.1006 0.0059 14.00 —0.40 0.73
43 0.064 0.55 0.55 23.45 27.62 0.64 2.84 2.60 0.0958 0.0041 25.00 —0.41 0.95
44 0.062 0.51 0.59 23.88 27.40 0.69 2.61 2.65 0.1800 0.0051 22.00 —0.37 0.85
45 0.049 0.35 0.61 22.32 27.67 0.66 2.77 2.54 0.1656 0.0063 28.00 —0.44 0.42
46 0.054 0.41 0.56 24.22 27.54 0.5800 2.79 2.66 0.1255 0.0077 26.00 —0.37 1.22
47 0.053 0.45 0.58 22.23 27.59 0.87 2.55 2.750.14740.0060 14.00 —0.43 0.03
48 0.053 0.43 0.59 22.72 27.65 0.85 2.80 2.63 0.15270.0071 13.00 —0.45 0.18
49 0.058 0.39 0.59 24.17 27.54 0.56 2.87 2.76 0.1285 0.0050 25.00 —0.39 1.19
50 0.058 0.46 0.60 22.07 27.69 0.87 2.55 2.74 0.18290.0037 20.00 —0.43 —0.02

00 3O Ot W

S
E=Y W -y*). (2)
S=1
The sum of the squared mistakes for the potential: E_,=0.0027V,
E,,=0.2894 V; the standard deviation: E,.,=0.0001 V, E, ,=0.0058 V.

3. RESULTS AND DISCUSSION

According to the results of the analysis of the constructed mathemati-
cal model (Table 2), which is based on the defined regression trees (Fig.
1), the following trend was established, in particular, if the parameter
of the 06 KhN28MDT alloy x,(Cr) < 23.055 wt.%, then, we move to node
2, where, if x,(Mn)< 0.455 wt.%, then we move to node 4, then, pro-
vided that x,(Cr) < 22.215 wt.%, the free corrosion potential of the al-
loy E.,, is of —0.455714 V (node 3). It turns out that the most negative
value of the potential E_ , of the alloy in the gap correlates with a low
content of chromium and manganese within the standard for its pro-
duction (Table 1). It should be noted that under such conditions, the
resistance of the studied alloy to crevice corrosion in the model chlo-
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TABLE 3. Mathematical model that establishes the relationship between the
corrosion potential E,. of 06KhN28MDT alloy and its chemical composition
and structure components, based on regression trees.

Item

No. Dependences
1 if x, < 23.055 then node 2 else; if x, >= 23.055 then node 3 else —0.4126
2 if x, < 23.055 then node 2 else; if x, >= 23.055 then node 3 else —0.4126
3 if x5 < 27.575 then node 6 else; if x; >= 27.575 then node 7 else —0.38875
4 if x, < 22.215 then node 8 else; if x, >= 22.215 then node 9 else —0.444
5 if x,<0.053 then node 10 else; if x; >= 0.053 then node 11 else —-0.421818
6 if x,,<14.5 then node 12 else; if x,; >= 14.5 then node 13 else -0.379286
7 if x,<27.675 then node 14 else; if x; >=27.675 then node 15 else —0.402
8 fit=-0.455714
9 fit=-0.43375
10 fit=-0.41
11 fit=-0.42625
12 fit=-0.4
13 if x5 < 2.755 then node 16 else; if x5 >= 2.755 then node 17 else —0.375833
14 fit=-0.3975
15 fit=-0.42
16 fit=-0.37125
17 fit=-0.385

ride-containing media increases as its AE criterion, which was deter-
mined by Eq. (1), increases [16]. This is due to the fact that the lower
the potential E,,, of the alloy, the easier it is to give up electrons, con-
tributing to the ionization of metals in its composition at the anode
sites. Under such conditions, the density of anode currents in them
decreases due to their redistribution among a larger number of anode
sites. This is consistent with the information presented in Refs. [18,
19]. This tendency ‘slows down’ the transformation of metastable local
corrosion damage into stable damage.

A decrease in the content of manganese, as a surface-active chemical
element, most likely contributes to the depletion of the oxide film on
the surface of the 06HN28MDT alloy by chromium, which leads to a
shift its potential E. . to the negative side. Our hypothesis is based on
the information that Mn and Cu contribute to the formation of a pas-
sive film enriched in chromium [20].

From the analysis of the mathematical model (Table 3), it follows
that, if the chromium content in the alloy under study x,(Cr) > 23.055
V, then, its potential E_,, shifts to a positive side to —0.4126 V (item 1,
Table 3). However, provided that x;(Ni) < 27.57 wt.% (item 3, Table 3),
and x,[d,] < 14.5 pm (item 6, Table 3), its potential E, is of -0.4V
(item 12, Table 3). These dependences between the potential E., of
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TABLE 4. Mathematical model that establishes the relationship between the
repassivation potential E ., of 06KhN28MDT alloy and its chemical composi-
tion and structure components based on regression trees.

IIEIe;fl Dependences
1 if x, < 23.43 then node 2 else; if x, >= 23.43 then node 3 else 0.5538
2 if x, < 22.315 then node 4 else; if x, >= 22.315 then node 5 else 0.336774
3 if x,, < 22.5 then node 6 else; if x,; >= 22.5 then node 7 else 0.907895
4 if x,, < 22 then node 8 else; if x,; >= 22 then node 9 else 0.150769
5 if x;; <16.5 then node 10 else; if x;; >= 16.5 then node 11 else 0.471111
6 if x, < 23.68 then node 12 else; if x, >= 23.68 then node 13 else 0.786364
7 fit=1.075
8 fit=0.07875
9 fit=0.266
10 fit=0.286667
11 if x4 < 2.73 then node 14 else; if x5 >= 2.73 then node 15 else 0.563333
12 fit=0.6725
13 fit=0.851429
14 if x, < 23.125 then node 16 else; if x, >= 23.125 then node 17 else 0.523
15 fit=0.765
16 fit=0.5
17 fit=0.73

06KhN28MDT alloy in a gap with a model chloride-containing medium
and the content of nickel in it and the size of the austenite grain show
that the smaller they are, the more positive it is. Under such condi-
tions, the ionization of metals in its composition that are in contact
with the medium becomes more difficult. At the same time, it should
be noted that the finer the grain of the alloy austenite, the lower the
degree of incoherence between adjacent crystal-lattice atoms, and the
higher the resistance of metal atoms located at the grain boundaries to
ionization when in contact with a chloride-containing medium. This
helps to increase the potential E_ , of the alloy and reduce its resistance
to crevice corrosion in a chloride-containing media.

The influence of nickel on the resistance of 06 HN28MDT alloy to
crevice corrosion in a chloride-containing media cannot be assessed
only by the above dependences (E,.,—Ni content). After all, in Ref. [21],
it was found that steel consisting of 21 wt.% Cr, 6 wt.% Ni, and 2 wt.%
Mo has high pitting resistance in chloride-containing media because of
its pitting potential E ;; is of 0.56 V. However, in OKh21N5T steel, it is
equal to 0.428 V, which is due to the absence of molybdenum and a de-
crease in nickel content by 0.7 wt.%.

A further decrease in nickel content to 3.2 wt.% accelerates the shift
of the potential to the negative side. In addition, the role of nickel in
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x, < 23.055 x, = 23.055

x, < 0.455 A x,> 0.455 X,z 27.575

x,<22.5154%,2 22-515x1< 0.053Ax, = 0.053 %, < 14.5Ax,, = 14.5x, < 27.87

1=

x, 2 27.875

-0.45571 —0.43375 -0.41 -0.42625

-0.3975 -0.42

-0.37125 -0.385

Fig. 1. Regression tree showing the relationship between the free corrosion
potential £, of 06 KhN28MDT alloy in a gap with a chloride-containing solu-
tion and its chemical composition and structural components.

the pitting resistance of stainless steels is evidenced by the higher val-
ue of the potential E;; (0.23V) of Kh14Mn14N3T steel at its content of
3.1 wt.%, than Kh17AMnl14 with higher chromium content. At the
same time, it should be noted that the pitting resistance of the stain-
less steel 12Kh18N10T in chloride-containing media is much higher
than that of these steels. This information shows that a decrease in the
chromium content in steels reduces their pitting resistance more in-
tensively than that of nickel, even in the presence of a two-phase struc-
ture[21, 22].

It should be noted that the mechanisms of pitting and crevice corro-
sion of stainless steels and alloys in chloride-containing media are very
similar, so, the effect of nickel on their limit potentials is likely to be
the same. Obviously, it is not associated with compensating for the
negative effect of MnS inclusions on the pitting resistance of the alloy,
as is believed in Refs. [23, 24] for the chromium-nickel-molybdenum
steel 18Kh17N11M3, since only carbonitrides (Fig. 2) and titanium
sulphides (Fig. 3), which are even insoluble in solutions of many acids,
have been recorded in the 06 KhN28MDT alloy [25]. However, the po-
tential E_,, of the 06KhN28MDT alloy depends on the chromium con-
tent in the alloy and its grain size.

After all, from the analysis of items 1, 3, 6, 12 of the mathematical
model (Table3), it was found that the potential E_,, of the
06KhN28MDT alloy shifts by 0.0126 V in the positive direction if the
chromium content in it is more than 23.055 wt.%, nickel less than
27.575 wt.%, provided that the mean austenite grain diameter is less
than 14.5 ym. It was found that the potential E_ , of the studied alloy
shifts to the negative side to —-0.434615 V with an increase in the man-
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AT

Fig. 3. Titanium sulphides and carbonitrides in 06 HN28MDT alloy (x550).

ganese content from 0.455 up to 0.57 wt.% (item 2 of Table 3).
However, under the same conditions, when the carbon content (x,))

less than 0.053 wt.%, its potential E,, is of —0.41 V (items 5, 10 of Ta-

ble 3). Thus, it can be noted that the potential E,,, of the alloy under
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study shifts to the positive side by 0.0246 V (see items 1, 10 of Table
3), which reduces the rate of general corrosion but increases the proba-
bility of crevice corrosion. The mechanisms of this process were men-
tioned above. In addition, at such carbon content in the alloy, accord-
ing to Ref. [25], it is almost completely dissolved in the austenite solid
solution. Under such conditions, the length of the boundaries of inclu-
sions with the austenitic matrix decreases due to a decrease in the vol-
ume of the carbide phase in the vicinity of titanium nitrides and a de-
crease in the total length of the boundaries of austenite grains and in-
clusions with its solid solution.

From the analysis of the mathematical model (item 3 of Table 3), it
was found that if the nickel content (x;) in the alloy is greater than or
equal to 27.575 wt.%, then, its potential E_, is of —-0.38878 V. Conse-
quently, under such conditions, it has practically the most positive
value, which contributes to a decrease in AE criterion of the alloy and
its resistance to crevice corrosion. This is due to the fact that the criti-
cal passivation potential of Ni (+0.15V) is much more negative than
that of Fe (+0.46 V) [26]. However, when the nickel content in the alloy
under study is less than 27.675 wt.% (item 7 of Table 3), its potential
E_,. is of —0.3975V (item 14 of Table 3). These dependences indicate
that the corrosion potential E,,, of the 06KhN28MDT alloy is of about
—0.39 V, when the nickel content in it varies in the range from 27.575
up to 27.675 wt.%. It has been recorded that chromium contributes to
the shift of the potential E ., of the studied alloy in the negative direc-
tion to —0.444 V (item 4 of Table 3). However, according to the infor-
mation (items 4, 9 of Table 3), under some conditions it can have a
slightly more positive value (E,,,=-0.43375 V). Thus, according to the
results of data analysis (items 4, 9 of Table 3), it turns out that the cor-
rosion potential E . of 06KhN28MDT alloy has the most negative val-
ue when the chromium content in it is higher than 22.215 wt.%. This is
due to the fact that under such conditions, according to Gerasimov
[27], the surface of the alloy is covered with a monolayer of chromium
atoms. It is known [26] that the critical passivation potential of chro-
mium is even more negative (-0.35V) than that of molybdenum
(-0.20 V) and titanium (-0.25 V). This tendency contributes to the fact
that the AE criterion of the 06 KhN28MDT alloy increases, since its
corrosion potential E_, shifts significantly to the negative side when it
contains more than 22.215 wt.% chromium. The mechanisms of in-
creasing the resistance of the studied alloy to crevice corrosion in a
chloride-containing media under the condition of a negative shift in
the potential E_,. were mentioned above.

It was mentioned above (item 2 of Table 3) that the potential E,, of
the 06 KhN28MDT alloy was —0.434615 V, if the manganese content in
it was less than 0.455 wt.%, or —0.41V, provided that x,(C) <0.053
wt.% (items 5, 10 of Table 3). However, with an increase in the carbon
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content in the alloy above 0.053 wt.%, a shift of its corrosion potential
E,. in the negative direction to —0.421818 V (item 5 of Table 3) or to
-0.42625V (item 11 of Table 3) has been recorded. This tendency is
most likely due to the fact that manganese increases the solubility of
carbon in the solid solution of austenite of 06 KhN28MDT alloy, since
there is information that it and chromium [28] thus affect the solubili-
ty of nitrogen, which, like carbon, is a chemical element of the intro-
duction in the crystal lattice of a solid solution of austenite of stainless
steels and alloys. This contributes to the growth of its parameters and,
obviously, facilitates the ionization of chromium atoms on the surface
of the 06 KhN28MDT alloy. Under such conditions, the released elec-
trons accumulate on its surface, shifting the free corrosion potential
E_,. to the negative side. This contributes to an increase in the AE crite-
rion of the studied alloy in a crevice with a chloride-containing medi-
um and, taking into account information from [16], increases its re-
sistance to crevice corrosion.

It was mentioned above that the free corrosion potential E, . of the
06KhN28MDT alloy in the gap with a model chloride-containing medi-
um was —0.4 V (see item 12 of Table 3) if its mean austenite grain diam-
eter (x,;) was less than 11.4 ym (item 6 of Table 3). However, with its
growth over 14.5 ym, a shift in the potential £, of the alloy to the pos-
itive side to —0.379286 V has been recorded (item 6 of Table 3). This
corrosion behaviour of the studied alloy in a chloride-containing medi-
um is due to the segregation of copper, as a surface-active chemical
element, by the boundaries of austenite grains. Indeed, from the analy-
sis of the dependences, it was found that, if x;[d,] > 14.5 pm (item 6 of
Table 3), then, provided xg(Cu) < 2.755 wt.% (item 11 of Table 3), the
potential E_ . of the 06 KhN28MDT alloy is of —-0.37125V (item 16 of
Table 3). At the same time, if the copper content in the alloy was higher
than 2.765 wt.%, it ranged from —0.375833 (item 13 of Table 3) to
—0.385V (item 17 of Table 3). Thus, summarizing this information, it
should be noted that the potential E_,, of the 06 KhN28MDT alloy shifts
to the negative side by 9.2 mV with an increase in its copper content
from 2.755 up to 2.78 wt.% (melt 2 of Table 1). At the same time, it
shifts in the same direction by 20.7 mV with an increase in the mean
austenite grain diameter from 14.5 up to 31 yum (item 6 of Table 3).
Thus, it can be noted that the effect of the mean austenite grain diame-
ter of the 06 KhN28MDT alloy on its potential E_, is more than twice as
great as the copper content. However, in general, the higher the copper
content in the alloy and its mean austenite grain diameter, the more
negative the value of the E_, potential. This positively affects the alloy
resistance to crevice corrosion in a chloride-containing media by the
above mechanisms.

It was mentioned above about the effect of nickel in the composition
of the 06 KhN28MDT alloy on its corrosion potential £, in a gap with a
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chloride-containing medium (item 3 of Table 3). In particular, it was
found that it is of —0.4 V (item 12 of Table 3), when the nickel content
in the alloy is less than 27.575 wt.%, and the mean austenite grain di-
ameter is of 14.5 pm. It should be noted that the potential E., of the
studied alloy shifts to the negative side to —0.379286 V (item 6 of Table
3) with an increase in the mean austenite grain diameter (x;;) from
14.5 up to 31 ym and to —0.402 V (item 7 of Table 3) or —-0.42 V (item 15
of Table 3) with an increase in the nickel content from 27.675 up to
27.75 wt.% (Table 1). Under such conditions, the potential E . of the
06KhN28MDT alloy shifts in the negative direction by 20.7 mV with
an increase in the mean austenite grain diameter by 16.5 num (items 6,
12 of Table 3) and by 4.5 (item 7 of Table 3) or 22.5 V (item 15 of Table
3) in the positive direction with an increase in its nickel content by
0.055 wt.%. Thus, it turns out that nickel has a much stronger effect
on the potential E_, of the 06KhN28MDT alloy in the gap than the
mean austenite grain diameter. At the same time, it should be noted
that the joint effect of these alloy parameters on its E_, potential is
manifested when x;(Ni) <27.575 wt.% (items 3, 6 of Table 3), since it
shifts to the negative side by 20.7 mV with an increase in the mean aus-
tenite grain diameter from 14.5 up to 31 pm.

Summarizing the above, it can be noted that the corrosion potential
E . of 06KhN28MDT alloy in a crevice with a chloride-containing solu-
tion depends on the content of chromium, manganese, nickel, carbon,
copper, and the mean diameter of the austenite grain. In particular,
the synergistic effect of chromium and manganese on this potential
was revealed, since it has a maximum negative value (-0.455714 V),
when the chromium content is less than 22.215 wt.%, and manganese
0.455 wt.%. This contributes to the growth of the AE criterion of the
alloy and its resistance to crevice corrosion. At the same time, it was
found that the potential E_ . of the studied alloy decreases to —-0.4126 V
when the chromium content in it is greater than 23.055 wt.%. This is
due to the difficulty of ionization of metal atoms in the alloy, since its
surface consists of a monolayer of chromium atoms that form a dense
passive film.

In addition, with such chromium content in the alloy, provided that
the nickel content is less than 27.575 wt.% and the mean austenite
grain diameter is of 14.5 nm, its potential E_,, is further shifted to the
positive side to —0.4 V. This leads to a decrease in the AE criterion of
the 06 KhN28MDT alloy and its resistance to crevice corrosion. This
tendency is due to the fact that at the minimum austenite grain diame-
ter in the alloy, the lowest degree of incoherence between the atoms of
adjacent crystal lattices is recorded at its boundaries, which compli-
cates the ionization of metal atoms in these areas of the alloy. Mean-
while, the less nickel in the alloy than the above-mentioned amount,
the more positive the value of the potential E_,,, since the lower the
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nickel content in it, the more iron, whose critical ionization potential
(+0.46 V) is more than three times more positive than that of nickel
(+0.15V). At the same time, it was found that the larger the mean
grain diameter of the austenite of the 06 KhN28MDT alloy is over 14.5
nm, the more positive the value of its corrosion potential E,,,. At the
same time, it is of 13.8 mV more positive when the copper content in
the alloy is less than 2.755 wt.%. This is most likely due to the fact that
copper, as a surface-active chemical element, can segregate at the
grain boundaries of austenite, which increases the potential gradient
between the austenite solid solution and its grain boundaries, promot-
ing the ionization of metal atoms and the accumulation of electrons on
the alloy surface.

The analysis (Fig. 4) showed that the repassivation potential E ., of
the 06 KhN28MDT alloy, which is characterized by its ability to restore
protective passive films in local corrosion damage, depends on the con-
tent of chromium (x,), copper (x;3), and the mean austenite grain diam-
eter (xq;). It should be noted that, unlike the corrosion potential E,,, of
the alloy under study, it does not depend on the content of manganese
and nickel, which, as established above, significantly affect the ability
of metal atoms in its composition to ionize.

From the analysis of the mathematical model (Table 4), it follows

x,2 23.43

x,, < 22 . . x, < 23.68 A x,> 23.68

1.075

x, < 2.73

0.266  0.28667 0.6725  0.85143

0.07875

0.5 0.73

Fig. 4. Regression tree showing the relationship between the repassivation
potential E,  of 06KhN28MDT alloy in a gap with a chloride-containing solu-
tion and its chemical composition and structure components.



820 A.V.DZHUS, O. E.NARIVSKYI,S. O. SUBBOTIN, G. V.SNIZHNYT, and T. V. PULINA

that if x,(Cr)<23.43 wt.% (item 1 of Table 4), then, it is necessary to
consider the dependences when x,(Cr)<22.315 wt.% and x;,[d,] <22
pm (items 2, 4 of Table 4). Under such conditions, the repassivation
potential E , of the 06KhN28MDT alloy in the gap will be 0.07875V
(item 8 of Table 4). However, if the chromium content in the studied
alloy is greater than or equal to 23.43 wt.%, then it shifts intensively
towards the positive side to 0.5538 V (item 1 of Table 4). This contrib-
utes to an increase in the AE criterion of the 06 KhN28MDT alloy (see
Eq. (1)) and its resistance to crevice corrosion in a chloride-containing
media.

It should be noted that, as established above, the corrosion potential
E_,. of the studied alloy does not significantly shift to the positive side
with an increase in its chromium content in this interval (Tables 3, 4).
This trend suggests that chromium helps to reduce the intensity of
general corrosion. Taking into account the intensity of chromium’s
influence on these potentials, we can note the positive role of chromi-
um in the alloy resistance to crevice corrosion in a chloride-containing
media. This is consistent with the information presented in Refs. [5-9,
27-31] about the effectiveness of alloying stainless steels and alloys
with chromium to increase their resistance to local corrosion.

The analysis of the developed mathematical model (items 2, 5, 10 of
Table 4) showed that the effect of chromium (x,) on the repassivation
potential E,., of 06KhN28MDT alloy is closely related to the mean aus-
tenite grain diameter (x;;). In particular, it was found that it is
0.336774 V, when the chromium content (x,) is greater than or equal to
22.315 wt.% (item 2 of Table 4). It should be noted that under such
conditions, the repassivation potential E,., of the studied alloy is 0.217
V more negative than when the chromium (x,) content is greater than
or equal to 23.43 wt.% (items 1, 2 of Table 4). This shows that even the
chromium (x,) content in the alloy in this interval itself significantly
affects its E,,, potential. At the same time, it was found that at such a
chromium content in the alloy (x,>22.315 wt.%; item 2 of Table 4),
when the mean austenite grain diameter (x,;) is less than 16.5 pm (see
item 5 of Table4), its E,,, potential is even lower and amounts to
0.286667 V (item 10 of Table 4). This proves that the grain boundaries
strongly affect the potential E,,, of the 06KhN28MDT alloy in a chlo-
ride-containing medium, shifting it to the negative side. This compli-
cates the repassivation of local corrosion damage to the alloy in the gap
with a chloride-containing media, which is associated with structural
defects at the austenite grain boundaries. It should be noted that even
at the maximum chromium content in the alloy under study within the
production standard (Table 1), the effect of the mean austenite grain
diameter on the repassivation potential E,., is stronger than the chro-
mium content. This generalization is confirmed by the identified de-
pendences between these indicators. In particular, it was recorded that
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the repassivation potential E,,, of the 06KhN28MDT alloy is 0.6725V
(item 12 of Table 4), if the mean austenite grain diameter (x,;) is less
than 22.5 pm (item 3 of Table 4) and the chromium content is of 23.68
wt.% (item 6 of Table 4). At the same time, it becomes very positive
(0.907895 V, item 3 of Table 3), when the mean austenite grain diame-
ter (x,;) of the alloy under study is greater than or equal to 22.5 um.
This once again proves that defects in the alloy structure along the
austenite grain boundaries have a stronger effect on its potential E,,,
in a gap with a chloride-containing medium than the ability of chromi-
um to form passive films on the surface of local damage on it. After all,
it was also found that under such conditions (x,; > 22.5 ym, item 3 of
Table 4), the repassivation potential E,., of the 06KhN28MDT alloy is
1.075 V (item 7 of Table 4). However, even a slight decrease in the
mean austenite grain diameter by 0.5 ym (x,;) > 22 pm (item 4 of Table
4) can lead to a very intense shift in the potential E,., of the alloy in the
positive direction from 0.10266 V (item 9 of Table4) to 0.150769 V
(item 4 of Table 4). The influence of the mean austenite grain diameter
(x,;) and chromium content (x,) in the alloy 06 HN28MDT on its E,,,
potential in a gap with a chloride-containing medium was mentioned
above. At the same time, the analysis of the developed mathematical
model (Fig.4) showed that this structure indicator (x,;) of the alloy
and its copper content also affect its ability to repassivate local corro-
sion damage in the gap. In particular, it was found that the re-
passivation potential E,, of the 06KhN28MDT alloy in the crevice is
0.471111 V (item 5 of Table 4), when its mean austenite grain diameter
(x,,) is greater than or equal to 16.5 pm. At the same time, it was found
that it does not significantly shift to the positive side up to 0.5V (item
16 of Table 4), if the copper content (x3) is less than 2.73 wt.% (see item
11 of Table 4) and chromium 23.125 wt.% (item 14 of Table 4). Thus,
taking into account the dependence between the potential E,,, and the
content of chromium, copper, and the mean grain diameter of austen-
ite, when it is in the range from 16.5 up to 22.5 um, and the content of
copper and chromium is less than the mentioned values, it can be noted
that these indicators do not greatly affect it. At the same time, it was
found that the potential E,., of the studied alloy varies from 0.786364
(item 6 of Table 4) to 0.851429V (item 13 Table 4), if the chromium
content (x,) in it is greater than 23.68 wt.% (item 6 of Table 4) and
from 0.563333 (item 11 of Table 4) to 0.765V (item 15 of Table 4), if
the copper content (x;) is greater than 2.73 wt.% (item 11 of Table 4). It
should be noted that at such a content of chromium and copper in the
06KhN28MDT alloy, the effect of chromium on its repassivation po-
tential is by 1.23 times more significant than that of copper. This may
be due to the fact that copper contributes to the enrichment of the pas-
sive oxide film with chromium in local corrosion damage [32].
According to the results of the analysis of dependences (item 4 of
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Table 4), it was found that the repassivation potential E,., of the
06KhN28MDT alloy in a gap with a chloride-containing medium varies
in the range from 0.523 to 0.73V, if the chromium content in it is
greater than or equal to 23.121 wt.%. At the same time, as mentioned
above (items 6, 13 of Table 4), it varies in the range from 0.786364 to
0.851429V if the chromium content is greater than 23.68 wt.%. Thus,
it can be noted that the potential E,,, of the 06KhN28MDT alloy shifts
rapidly towards the positive side by 192.4 mV with an increase in its
chromium content from 23.125 up to 23.68 wt.%. This leads to an in-
crease in the alloy resistance to crevice corrosion in a chloride-
containing media.

Summarizing the above, it can be noted that the repassivation po-
tential E,,, of the 06KhN28MDT alloy in a gap with a model chloride-
containing medium depends on the content of chromium, copper, and
the mean diameter of the austenite grain. It was found that it shifts to
the positive side with an increase in the content of chromium and cop-
per. The effect of chromium on the potential E ., of the alloy is strong-
er than that of copper. In addition, it is manifested by the most intense
shift of the E,., potential in the positive direction by 192.4 mV with an
increase in the chromium content from 23.121 up to 23.68 wt.%. Un-
der such conditions, it most effectively contributes to the reparation of
local corrosion damage on the alloy surface in the gap, forming dense
oxide films with a minimum number of pores [33, 34], where chloride
ions can adsorb from the media and contact the alloy. Copper is known
[32] to contribute to the enrichment of oxide films with chromium. It
was found that the potential E,., of the 06 KhN28MDT alloy has almost
the most negative value of 0.286667 V, if the mean austenite grain
diameter is less than 16.5 pm. It has been found that under such condi-
tions it shifts to the positive side to 0.765V, if the copper content is
less than 2.73 wt.%, and to 0.73 V, if the chromium content is less than
23.125 wt.%.

It has been established that the corrosion potential E., of
06KhN28MDT alloy depends on the content of Cr, Mn, Ni, Cu, and the
mean austenite grain diameter. In particular, it has been recorded that
it has the most negative value of —0.455714 V, if the content of chro-
mium and manganese is less than 22.215 and 0.455 wt.%, respectively.
This shows that the surface of the alloy accumulates electrons due to
more intense ionization of metals at the anode areas. Under such con-
ditions, the oxide films on the alloy surface are less dense due to a de-
crease in its chromium content. Under such conditions, the general
corrosion is accelerated, but local corrosion is ‘slowed down’ due to the
redistribution of the anode current density between a larger numbers
of anode metal dissolution places on its surface. It was found that the
potential E. . of the alloy shifts to the positive side to —-0.41V, if the
carbon content in it is less than 0.053 wt.%, i.e., it is dissolved in a solid
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solution of austenite. When carbides precipitate from the alloy’s aus-
tenite solid solution, a slight shift of E_,, to the negative side has been
recorded. It has been found that the potential E,, of the alloy has the
most positive value of —0.3 V, if the mean austenite grain diameter is
greater than 15.5 nm. This contributes to a decrease in the AE criterion
of the 06KhN28MDT alloy and its resistance to crevice corrosion. It
was found that the potential E.., of the alloy significantly shifts to the
negative side (= 0.17 V), if the nickel content in it is more than 27.675
wt.%. This trend improves the alloy resistance to crevice corrosion in a
chloride-containing media. This is consistent with the information in
Ref.[21].

4. CONCLUSION

Based on the results of the analysis of mathematical models developed
on the basis of regression trees, it was found that the repassivation
potential E,., of the 06 KhN28MDT alloy in the gap with a model chlo-
ride-containing medium intensively shifts to the positive side by 192.4
mYV with an increase in its chromium content from 23.12 up to 23.68
wt.%. This leads to an increase in the AE-criterion of the alloy and its
resistance to crevice corrosion due to the formation of a dense chromi-
um-containing oxide film. It has been found that the potential E,,, of
the alloy has the most negative value of 0.287 V, if the mean austenite
grain diameter is less than 16.5 pm. It was found that under such con-
ditions, the potential E,,, of the alloy shifts to a positive value of 0.5V
if the content of copper and chromium in it is less than 2.73 and 23.125
wt.%, respectively. It is recorded that this potential shifts further in
the positive direction to 0.765 and 0.73 V, if the content of copper and
chromium in the alloy is more than 2.73 and 23.125 wt.%, respective-
ly. It is shown that, under such conditions, the effect of copper on the
potential E,, is of 0.035V stronger than that of chromium. This is
most likely due to the fact that copper contributes to the enrichment of
the passive oxide film on the surface of the 06 KhN28MDT alloy with
chromium, which increases its resistance to crevice corrosion. It has
been established that the corrosion potential E,, of the alloy has the
most negative value of —0.4557V, if the content of chromium and
manganese in it is less than 22.215 and 0.455 wt.%, respectively. This
contributes to the accumulation of electrons on the alloy surface due to
the intensification of general corrosion, which leads to a decrease in
the probability of crevice corrosion in a chloride-containing media. It
has been shown that the precipitation of carbides (Cr, Mo) from austen-
ite solid solution at a carbon content of more than 0.053 wt.% contrib-
utes to a slight shift of the E,,, potential to the negative side. It is
proved that the potential E_, of the alloy has the most positive value
~-0.38YV, if the mean austenite grain diameter is greater than 15.5
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nm, regardless of the copper content. It was found that this potential
shifts to the negative side by 2 0.17 V, if the nickel content in the alloy
is more than 27.675 wt.%. This leads to an increase in the alloy re-
sistance to crevice corrosion.
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